. Quantification of eNOS mRNA in the canine cardiac vasculature by competitive PCR. Am. J. Physiol. Heart Circ. Physiol. 278: H658-H665, 2000.-The goal of the present study was to develop a competitive PCR assay to measure changes in the expression of endothelial nitric oxide synthase (eNOS) mRNA levels throughout the canine vascular tree. A partial sequence of canine eNOS cDNA (1.86 kb), inducible NOS (1.95 kb), and neuronal NOS (1.16 kb) was cultured from canine aortic endothelial cells, LPS-treated canine splenic vein endothelial cells, and from canine left ventricle, respectively. Competitor eNOS cDNA (eNOS-C) was constructed via recombinant PCR. Thus, with the use of a standard curve competitive PCR with eNOS-C, the amount of eNOS mRNA in 500 ng of total RNA was greatest in the circumflex Ͼ right coronary artery Ͼ left anterior descending coronary artery Ͼ aorta. The isolation of coronary microvessels from the left ventricle was associated with an enrichment of endothelial cell markers such as eNOS, von Willebrand factor, and caveolin-1, an observation supported by the detection of up to 15-fold higher levels of eNOS mRNA in coronary microvessels relative to the larger arteries. The ability to quantify changes in eNOS mRNA levels throughout the canine vasculature should provide greater insight into the molecular mechanisms of how this gene is regulated in physiological and pathophysiological states. nitric oxide; nitric oxide synthase; microvessels; complimentary deoxyribonucleic acid; endothelium NITRIC OXIDE SYNTHASES (NOS) comprise a family of three distinct genes, neuronal (nNOS), inducible (iNOS), and endothelial (eNOS) isoforms that are expressed in various tissues in the nervous, immune, and cardiovascular systems (16). In the cardiovascular system, the abnormal production or bioactivity of endotheliumderived nitric oxide (NO) is recognized as a common feature of diseases associated with endothelial dysfunction. Attenuated endothelium-dependent relaxation has been reported in human and in animal models of heart failure, diabetes, and hypertension (2, 3, 13, 14, 21, 22, 30) . Conversely, endothelial function is enhanced in conditions of high flow (18) and exercise (24). The enzymatic production of NO, which accounts at least in part for the modification of endothelial function, is a highly regulated event. The major trigger for NO production is the elevation of intracellular calcium and the binding of calcium-calmodulin to eNOS (12). In addition, subcellular localization, fatty acid acylation (15, 23, 25) , serine (17) and tyrosine phosphorylation (6), and the binding of accessory proteins such as caveolin (4, 7) and heat shock protein 90 (5) can all influence NO release. However, NO production in vivo can also be chronically regulated through changes in the expression of eNOS. Although it has often been categorized as a constitutively expressed gene, eNOS mRNA and protein levels have been shown to be reduced in heart failure (27) and augmented in exercise (24) and conditions of high flow (19), suggesting transcriptional or posttranscriptional regulation of expression.
NITRIC OXIDE SYNTHASES (NOS) comprise a family of three distinct genes, neuronal (nNOS), inducible (iNOS), and endothelial (eNOS) isoforms that are expressed in various tissues in the nervous, immune, and cardiovascular systems (16) . In the cardiovascular system, the abnormal production or bioactivity of endotheliumderived nitric oxide (NO) is recognized as a common feature of diseases associated with endothelial dysfunction. Attenuated endothelium-dependent relaxation has been reported in human and in animal models of heart failure, diabetes, and hypertension (2, 3, 13, 14, 21, 22, 30) . Conversely, endothelial function is enhanced in conditions of high flow (18) and exercise (24) . The enzymatic production of NO, which accounts at least in part for the modification of endothelial function, is a highly regulated event. The major trigger for NO production is the elevation of intracellular calcium and the binding of calcium-calmodulin to eNOS (12) . In addition, subcellular localization, fatty acid acylation (15, 23, 25) , serine (17) and tyrosine phosphorylation (6) , and the binding of accessory proteins such as caveolin (4, 7) and heat shock protein 90 (5) can all influence NO release. However, NO production in vivo can also be chronically regulated through changes in the expression of eNOS. Although it has often been categorized as a constitutively expressed gene, eNOS mRNA and protein levels have been shown to be reduced in heart failure (27) and augmented in exercise (24) and conditions of high flow (19) , suggesting transcriptional or posttranscriptional regulation of expression.
The use of canine models to understand cardiac physiology and pathophysiology is underscored by the similar physiology of the canine cardiovascular system with that of the human. Of the many genes involved in coordinating vascular function, eNOS-derived NO plays a central role in the control of vascular resistance and thus blood flow (8, 26) . Previous studies in canine cardiovascular models have demonstrated that aortic expression of eNOS mRNA and protein can be up-or downregulated and that changes in expression correlate with changes in vascular function (24, 27) . However, little is known about the molecular control of NO synthases in the cardiac vasculature. The similarity of canine NOS isoforms to those cloned for other species
The costs of publication of this article were defrayed in part by the payment of page charges. The article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. has yet to be thoroughly characterized, and the limited sensitivity of Northern blot analysis has thus far constrained the understanding of eNOS regulation to isolated aortic endothelial cells.
Therefore, the objective of the current study was to determine the cDNA sequences of the canine NOS isoforms and to develop a competitive PCR assay to specifically and accurately measure eNOS mRNA expression levels across the full spectrum of cardiac vessels. A major application of this technique was to quantitate eNOS gene expression in the canine coronary microvasculature, the site of coronary resistance and blood flow control.
METHODS

Cloning of NO Isoforms
eNOS. Canine eNOS cDNA clones were obtained from RT-PCR amplification of total RNA from cultured aortic endothelial cells (AEC). Canine AECs were cultured in medium 199 containing 10% (vol/vol) iron-supplemented FCS, 5% (vol/vol) FCS, 100 IU/ml penicillin, and 100 µg/ml streptomycin. Confluent AECs were washed with PBS, and total RNA was extracted with TRIZOL (Life Technologies, Rockville, MD). The RNA pellet was resuspended in diethyl pyrocarbonate-treated H 2 O and was quantitated spectrophotometrically by absorbance at ϭ 260 nM. cDNA was synthesized from total RNA (1 µg). Total RNA was incubated with random hexamers (2.5 µM; Applied Biosystems) and RNase inhibitor (20 units; Boehringer Mannheim) for 10 min at 70°C and was quickly chilled on ice. Random hexamers were allowed to anneal at 25°C for 10 min before the addition of reverse transcriptase (200 units Superscript II; Life Technologies), first-strand buffer (50 mM Tris · HCl, 75 mM KCl, 5 mM MgCl 2 ), dNTP (0.5 mM), and dithiothreitol (10 mM). RT was carried out at 42°C for 50 min, followed by inactivation of the RT enzyme at 70°C for 15 min. Ten percent of the RT reaction was used for PCR. Putative canine eNOS primers (set A: sense, 5Ј-ATGTTCAACTACATCTGCAAC-3Ј; antisense, 5Ј-TTCCACAGGGAC GAGGTGGTC-3Ј) were designed from the conserved regions of human (M95296), bovine (M95674), and mouse eNOS (U53142) cDNAs (nucleotides 618-1184 of human eNOS cDNA). The PCR reaction mixture contained 2.5 units of Taq polymerase (Boerhringer Mannheim), 0.2 µM primers, 50 mM KCl, 10 mM Tris · HCl, and 1.5 mM MgCl 2 . cDNA was amplified for 35 cycles under the following conditions, denaturation at 94°C (1 min), annealing at 55°C (1 min), and extension at 72°C (1 min). PCR products were separated by electrophoresis on a 1% agarose gel (0.5 µg/ml ethidium bromide) in 1ϫ 0.040 M Tris-acetate and 0.001 M EDTA and were visualized on an ultraviolet transilluminator. The resultant PCR product (566 bp) was cloned directly into PCR II (TA cloning vector; Invitrogen, Carlsbad, CA) and sequenced on both strands with an automated fluorescent sequencer. Based on the known partial sequence of canine eNOS, successive clones were obtained via primer walking in both 5Ј and 3Ј directions.
iNOS. Expression of iNOS mRNA was initiated by the administration of lipopolysaccharide (LPS; 1 µg/ml for 48 h) to cultured canine splenic vein endothelial cells. PCR primers for canine iNOS were designed based on regions of homology with human iNOS (accession number, L24553) and were positioned to span the corresponding region of the eNOS clone (equivalent, based on alignment to nucleotides 593-2538 and 443-2559 of human iNOS and eNOS, respectively; sense, 5Ј-CAGGGTGGAAGCGGT AACAAA-3Ј and antisense, 5Ј-GGTGAGGGCCTGGCTGAG TGA-3Ј). Total RNA from cultured splenic endothelial cells was isolated, and 1 µg was reverse transcribed as described above. Amplification of cDNA by PCR (94°C melting, 55°C annealing, and 72°C extension for 2 min) produced an Ϸ2-kb band that was cloned into PCR II. Canine iNOS was sequenced as described above.
nNOS. A partial nNOS clone was derived from the myocardium of a male mongrel dog. Approximately 100 mg of left ventricle were snap-frozen in liquid nitrogen and pulverized with a mortar and pestle, and fragments were homogenized in 1 ml of TRIZOL. Total RNA was extracted and reverse transcribed as described above. Canine nNOS primers were selected as described previously for iNOS [equivalent, based on alignment to nucleotides 1418-2574 and 1-1400 of human nNOS (U17327) and eNOS, respectively; sense, 5Ј-GGAATCC AGGTGGACAGAG-3Ј and antisense, 5Ј-TAGTTGAGCAT-CTCCTGGTGG-3Ј]. PCR conditions were identical to those described for iNOS. A single amplification product of 1.4 kb was cloned into PCR II and sequenced as described above.
PCR Primers
On the basis of the known sequence of canine eNOS, primer design (Table 1) was optimized (DNASTAR) to enhance stability, reduce both primer-dimers and hairpins, and also to span introns. Extrapolating from the genomic sequence of human eNOS, the sense primer for eNOS has a complementary sequence on exon 6 and the antisense primer on exon 9. Primers for iNOS and nNOS were also designed based on the known sequence of canine iNOS and nNOS clones as described above. von Willebrand factor (vWF), caveolin-1 (Cav-1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers were designed based on published sequences (AF099154, U47060, and J04038, respectively).
The specificity of primers for eNOS, iNOS, and nNOS was determined by PCR. eNOS primers (0.2 µM; Table 1) Sequences are in 5Ј-3Ј notation. eNOS, nNOS, and iNOS, endothelial, neuronal, and inducible nitric oxide synthase, respectively; vWF, von Willebrand factor; Cav-1, caveolin-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. ing (45 s), and 72°C extension (45 s). Specific primers for iNOS and nNOS (Table 1) were also tested against respective templates and eNOS cDNA.
Construction of Competitor from eNOS cDNA
To quantify eNOS mRNA levels, a competitor (eNOS-C) with an internal deletion and identical, competing flanking sequences was constructed. Two primers were designed (sense, 5Ј-CCAGAACTCTTTGCTTGAGCAACATGCTGC-3Ј; antisense, 5Ј-GCAGCA TGTTGCTCAAGCAAAGAGTTCTGG-3Ј), each composed of two 15 nucleotides domains. The first 15 nucleotides of each primer were the reverse complement of the last 15 nucleotides of the other, and the remaining 15 nucleotides of each primer correspond to regions of canine eNOS, separated by 94 bp (Fig. 1A) . PCR was performed as described above for 30 cycles using 5 ng of canine eNOS cDNA as a template and the above primers (0.2 µM) with reciprocal primers for eNOS (set A). The resultant products were purified on a 1% agarose gel, extracted (Qiagen, Valencia, CA), and blunt ended to remove terminal adenines. Ten percent (10 µl) of the PCR reaction was combined with 2 µl dNTP, 5 mM MgCl 2 , and 1 unit of T4 polymerase (Boehringher Mannheim) and was incubated for 15 min at 12°C. The reaction mixture was heated to 95°C for 5 min to inactivate the polymerase and was purified through a spin column (Qiagen). Each fragment was diluted 1:100 and was combined with 0.2 µM of primer set A. PCR was performed as described above, and the resultant fragment (Fig. 2 , B-C) was purified on an agarose gel, extracted, cloned into PCR II, and sequenced.
To control for reverse transcription, a cRNA competitor was synthesized. eNOS-C cRNA was prepared using a T7 in vitro transcription system (MEGAscript; Ambion, Austin, TX). eNOS-C cDNA (5 µg) was linearized overnight with Hind III (20 units) and was purified on an agarose gel as described above. Linearized plasmid (1 µg) was incubated with ribonucleotides and T7 polymerase for 6 h at 37°C, and cRNA was synthesized as described by the manufacturer. The concentration of cRNA was determined spectrophotometrically by absorbance at ϭ 260 nm, and analysis by agarose electrophoresis revealed a single band. cRNA was stored at Ϫ80°C. Fig. 1 . Generation of the endothelial nitric oxide synthase (eNOS) competitor. A: complementary primers were designed spanning a gap of 79 bp, and separate PCR reactions were conducted using both sense and antisense primers. Resultant PCR products are combined (B), and PCR amplification was conducted again using sense and antisense primers, resulting in the generation of an eNOS fragment containing a 79-bp deletion (C). Fig. 2 . Isolation of nitric oxide synthase (NOS) isoform cDNAs and characterization of gene expression in canine heart and blood vessels. As seen in A, eNOS specific primers recognize only canine eNOS and not inducible NOS (iNOS) or neuronal NOS (nNOS) cDNAs. Primers for eNOS (0.2 µM) were incubated with cDNA (200 pg) encoding eNOS, iNOS, and nNOS and were amplified by PCR for 35 cycles. Primers for iNOS and nNOS (0.2 µM) were also tested against respective templates (n ϭ 2). B: expression of endothelial cell markers, eNOS, von Willebrand factor (vWF), and caveolin-1 (Cav-1) were enriched relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribosomal RNAs during the isolation of coronary microvessels. Slight enrichment of iNOS and nNOS is found in microvessels. Total RNA (1 µg) from the left ventricle, a mixture of microvessels and myocytes, and purified microvessels representing the start, midpoint, and end of the isolation procedure was reverse transcribed and amplified by PCR for 25 (Cav-1, vWF, and GAPDH) and 35 (eNOS, iNOS, and nNOS) cycles. Results are representative of 2 separate experiments.
For accurate quantitation, the internal standard must compete in a linear relationship with the native eNOS cDNA. Therefore, a standard curve was generated by incubating decreasing concentrations of eNOS cDNA (1.3-166 amol) with a fixed concentration of eNOS-C cDNA (21 amol). PCR analysis was performed as described previously, using the eNOS primers in Table 1 under the following conditions for 35 cycles: 45 s at 94°C denaturing, 61°C annealing, and 72°C extension. Conversely, decreasing concentrations of eNOS-C (1.3-332 amol) were competed against a fixed concentration of eNOS (21 amol) cDNA. To examine sample mRNA levels, linear competition must also exist between full-length eNOS mRNA and the truncated eNOS-C. Decreasing amounts of AEC total RNA (2-0.0625 g) were incubated with a fixed quantity of cRNA (10 pg). The amount of eNOS mRNA per mass of total RNA was derived from comparison with a standard curve generated from the competition between decreasing concentrations of eNOS cDNA and a fixed concentration of cRNA (10 pg). To standardize the addition of competitor between samples and the standard curve, cRNA was added to the reverse transcriptase master mix. Reverse transcription was performed as described above, except for the inclusion of 2.5% acetylated BSA. PCR products were resolved on a 1.2% agarose gel as described above, photographed, and digitized with an HP scanner. Respective bands of eNOS cDNA and eNOS-C were analyzed with National Institutes of Health image software (1.61), and peak areas were quantitated by integration.
Purification of Microvessels
Four mongrel dogs (body wt 20-25 kg) were anesthetized with pentobarbital sodium (50 mg/kg), and a thoracotomy was performed. The heart and a segment (3-5 cm) of aorta were excised and immersed in ice-cold PBS (0.1% BSA, pH 7.4). The circumflex, left anterior descending (LAD), and right coronary artery (RCA) were dissected free from the heart and together with the aorta were cleaned of periadventitial fat and superficial connective tissue. The vessels were snap-frozen in liquid nitrogen and were stored at Ϫ80°C until used. Coronary microvessels were prepared from the left ventricle as previously described (11, 31) . To determine the effect of the purification procedure on RNA integrity, total RNA was extracted from the left ventricle, crude microvessel extract with associated myocytes, and enriched coronary microvessels, representing the start, midpoint, and conclusion of the procedure. The piece of ventricle, crude microvessel extract, and terminal microvessels were snap-frozen in liquid nitrogen. Frozen blood vessels and myocardium were pulverized in a mortar and pestle, immersed in TRIZOL, and homogenized with a Polytron. RNA (1 µg) was reverse transcribed, and 10% of the resultant cDNA was amplified by PCR using the primers listed in Table 1 . Denaturation was at 95°C, annealing at 61°C, and extension at 72°C for a total for 45 s each.
Quantitation of eNOS mRNA in Canine Blood Vessels
Total RNA (500 ng) from aorta, circumflex, LAD, RCA, and microvessels was incubated with a fixed amount of eNOS-C cRNA (50 fg, 0.2 amol) and reverse transcribed, and the cDNA (10%) was amplified by PCR with eNOS primers (Table 1 ) for 35 cycles as described above. Before reverse transcription, RNA concentrations were normalized, and the ribosomal RNAs, 28S and 18S, were analyzed by agarose gel electrophoresis. The number of copies of eNOS mRNA was estimated based on comparison with a standard curve generated in parallel. To normalize eNOS mRNA levels to a gene that is expressed in all vascular cells and to a gene that is an endothelial cell marker, residual cDNA (10%) from the same reverse transcriptase reactions was amplified by PCR, using primers for canine GAPDH and vWF, respectively.
Statistics
Results are expressed as means Ϯ SE. Regression lines were calculated by the least-squares regression method (Prism; GraphPad Software). Comparisons between blood vessels were made by one-way ANOVA, and significance was calculated with the Newman-Keuls post hoc test. A value of P Ͻ 0.05 was considered significant.
RESULTS
Cloning of NOS cDNA Fragments
A 1.86-kb fragment of eNOS cDNA was cloned from canine AEC (accession number, AF068681), corresponding to nucleotides 64-1927 of the human eNOS cDNA. Canine eNOS was ϳ85% similar to human (M95296), bovine (M95674), murine (U53142), and porcine (U59924) eNOS cDNAs (Table 2 ). However, canine eNOS shares only 44-51% homology with iNOS sequences from rat (L12562), mouse (M87039), human (L24553), and guinea pig (AF027180) and 57% homology to mouse (D14552) and human (U17327) nNOS cDNAs.
With the use of LPS-treated splenic vein endothelial cells, a 1.96-kb segment of canine iNOS cDNA was cloned (AF068682). Canine iNOS cDNA was ϳ80% similar to published sequences for human, mouse, rat, and guinea pig ( Table 2) . Canine iNOS was 44-51% identical to human, mouse, and porcine eNOS sequences and 36-48% homologous to mouse and human nNOS sequences.
With the use of canine myocardium as a source of nNOS, a 1.16-kb fragment of canine nNOS cDNA was isolated (AF068683). Interspecies comparison of the canine nNOS cDNA sequence with neuronal isoforms from human, mouse, and rat (X59949) is shown in Table 2 . Canine nNOS was only 54-57% similar to eNOS sequences from human, bovine, porcine, and mouse and 55-56% homologous with iNOS from guinea pig, mouse, human, and rat iNOS sequences. Withinspecies comparison of cloned cDNA fragments for the canine NOS indicated homology of only 43-54% between eNOS, iNOS, and nNOS.
Specificity of Primers
Because of significant homology between canine eNOS, iNOS, and nNOS, the specificity of primers for each isoform was confirmed by PCR. As shown in Fig.  2A , primers specific for eNOS selectively amplified eNOS cDNA but did not amplify regions of iNOS and nNOS that overlap the eNOS sequence. Primers designed to recognize canine iNOS and nNOS templates amplified their respective targets only.
Enrichment of eNOS During Isolation of Cardiac Microvessels
Next, we examined the expression of several genes, including eNOS, iNOS, nNOS, vWF, Cav-1, and GAPDH in canine left ventricle, a crude mixture of microvessels and myocytes, and purified microvessels. As seen in Fig. 2B , eNOS, vWF, and Cav-1 were enriched by the purification procedure, whereas GAPDH was expressed equally. Although substantially less abundant than eNOS, iNOS and nNOS mRNAs were also enriched. Also shown in Fig. 2B , the integrity of ribosomal RNAs was maintained throughout the isolation procedure.
Amplification Kinetics
The ability of the competitor to compete in a linear relationship with native eNOS was determined from either 1) decreasing concentrations of eNOS cDNA in the presence of a fixed concentration of eNOS-C (Fig.  3A) or 2) decreasing concentrations of eNOS-C cDNA against a fixed concentration of eNOS cDNA (Fig. 3B) . Regardless of how the curves were constructed, the relationship between the competitor and the full-length Fig. 3 . Competitive PCR for eNOS is linear with respect to native template and competitor. A: fixed concentration of eNOS cDNA (21 amol) was incubated in the presence of decreasing concentrations (332-2.6 amol) of competitor eNOS (eNOS-C) cDNA and were amplified by PCR for 35 cycles. The relative densities of eNOS (411 bp) and eNOS-C (332 bp) bands were determined by integration and were plotted as a ratio vs. the concentration of input eNOS-C cDNA (n ϭ 4). B: converse relationship between decreasing concentrations of eNOS cDNA (332-2.6 amol) and a constant concentration of eNOS-C (21 amol).
eNOS was always linear, with correlation coefficients (r 2 ) of 0.996 (P Ͻ 0.001; Fig. 3A ) and 0.9981 (P Ͻ 0.001; Fig. 3B, n ϭ 3) . Next, we examined the relationship between eNOS-C RNA (cRNA) and full-length eNOS mRNA. Quantitation of eNOS mRNA from serial dilutions (2-0.0625 µg) of AEC total RNA also resulted in a linear relationship with an r 2 of 0.989 (P Ͻ 0.001; n ϭ 3; data not shown). Extrapolating from this curve, 1 µg of AEC total RNA contains ϳ1.74 fmol of eNOS mRNA.
Quantitation of eNOS mRNA Levels
The number of copies of eNOS mRNA transcripts was estimated in total RNA (500 ng) from the aorta, RCA, LAD, left circumflex, and coronary microvessels. The highest amount of eNOS was found in canine microvessels followed by circumflex, RCA, LAD, and aorta (n ϭ 4 dogs, Fig. 4A ). PCR amplification of total RNA without reverse transcription did not result in a defined product, excluding the amplification of genomic DNA. Within-assay coefficients of variation were Ͻ10%. The sensitivity of the assay under stated conditions was 0.2 amol. The expression of vWF and GAPDH was also examined in the various vessels. As seen in Fig. 4B , the ratio of vWF to GAPDH was greatest in coronary microvessels, followed by the RCA, circumflex, and the LAD. The aorta had the lowest expression of vWF relative to that of GAPDH. The amount of eNOS mRNA normalized to the relative abundance of vWF from each blood vessel was greatest in the circumflex artery, closely followed by the microvessels, intermediate in the LAD and RCA, and the least in the aorta (Fig. 4C) .
DISCUSSION
Canine cardiovascular models are well-established correlates of the human conditions they emulate. However, there is little available information on how canine genes involved in cardiovascular function are regulated due to the lack of specific molecular probes. In the present study, using a PCR-based approach, we have cloned and sequenced cDNA fragments for canine eNOS, iNOS, and nNOS. The sequences of canine eNOS, iNOS, and nNOS are closely related to respective isoforms of other species (80-90% homology), which is in agreement with existing interspecies variation. Comparison between different isoforms indicates that canine NOS are also as dissimilar as that reported for other species (40-50% homology).
Previous studies have measured changes in canine eNOS mRNA expression via Northern analysis (24, 27) . However, the sensitivity of this technique is such that large amounts of RNA (10-12 µg) must be obtained from endothelial cells scraped from the lumen of the thoracic aorta. We therefore designed a competitive RT-PCR assay, based on standard curve methodology, to quantify eNOS expression in canine blood vessels. The inherent sensitivity of PCR obviates the need to separate endothelial cells before RNA extraction. A PCR-based gene-fusion strategy was employed to generate a competitor with an internal deletion, enabling one to distinguish native eNOS and competitor by Fig. 4 . Relative levels of eNOS mRNA in the canine cardiac vasculature. A: total RNA (500 ng) from the aorta, right coronary artery (RCA), left anterior descending (LAD), circumflex artery, aorta, and microvessels was incubated with competitor (50 fg), reverse transcribed, and amplified by PCR for 35 cycles (n ϭ 4). Quantitation was achieved via comparison with a standard curve. B: densitometric ratio of vWF and GAPDH mRNA from cardiac blood vessels. With the use of primers for respective genes, cDNA from A was amplified by PCR for 25 cycles. C: eNOS mRNA levels normalized to vWF. ** Significantly different from all other vessels (P Ͻ 0.01). ϩ Significantly different from aorta (P Ͻ 0.05).
agarose gel electrophoresis. Optimal primers were designed, based on the sequence of canine eNOS, and were demonstrated not to recognize related sequences on iNOS and nNOS. Competition between the internal deletion mutant and native eNOS followed a linear relationship, a necessity for accurate quantitation, and the relationship remained linear regardless of whether the competing entities were of DNA or RNA origin.
The isolation of coronary microvessels from the left ventricle has been shown to result in the appearance of what morphologically resembles a mixture of arterioles, capillaries, and collagen fibers (11) . The procedure is time intensive, and initially we were concerned about the ability to extract reasonable amounts of nondegraded RNA. Although the 18S and 28S ribosomal RNA bands appeared intact and nondegraded, we cannot rule out the possibility that there was some degree of degradation during the isolation procedure. One potential caveat of RNA isolation is that, in the absence of obvious degradation, it is possible that the extent of degradation for individual transcripts may differ. The comparative analysis of several genes isolated from microvessels in this study makes the assumption that the rate of degradation, if any, is similar between the products quantified. However, not only were we able to isolate quality RNA from microvessels, but we have also demonstrated that the purification procedure is associated with an enrichment of genes that are recognized endothelial cell markers, including vWF, eNOS, and Cav-1, consistent with their increased expression in vascular endothelial cells.
Quantitation of eNOS mRNA levels in cardiac blood vessels revealed that, per 500 ng of total RNA, purified microvessels contain the highest concentration of eNOS, which was 14.9 times greater than that found in the aorta, which had the lowest concentration of eNOS. The circumflex artery had the next highest level of eNOS, with 3.1-fold less than in microvessels, followed by the RCA with 4.7-fold and the LAD with 6.8-fold less eNOS per 500 ng of RNA. Given the monolayer nature of the vascular endothelium, the differences in eNOS expression most likely reflect changes in the ratio of the number of cells in the intima versus the media. Indeed, the relative ratios of vWF mRNA, an endothelial cell marker to GAPDH, a gene expressed in all vascular cells, mirrored the expression profile for eNOS mRNA, with the greatest levels detected in microvessels and the least from the aorta. Furthermore, cultured canine AECs possess 123 times more copies of eNOS per 0.5 µg of RNA than do canine microvessels. However, quantitation of the expression of eNOS mRNA in canine blood vessels does not reflect the number of copies or density of eNOS mRNA per endothelial cell. As an estimate of that determinant, we normalized eNOS expression to vWF, which was coamplified from the same pool of cDNA. The ratio of eNOS to vWF was greatest in the circumflex artery, closely followed by the microvessels, and the smallest ratio was seen in the aorta. Normalization relies on the uniform expression of vWF mRNA in the endothelium of canine blood vessels, and a potential caveat to an estimate of density per endothelial cell is that expression of vWF may not be homogeneously distributed within the cardiac vasculature (10, 28) . There are numerous reports in the literature of the greater capacity of large vessels to generate NO and exhibit endothelium-dependent relaxations that are NO mediated (9, 20, 24) relative to the microvasculature. Thus our estimates of eNOS mRNA levels across the cardiac vasculature may not parallel the ability of individual vessels to produce NO due to the many constraints on the enzymatic production of NO, which may also vary regionally and segmentally throughout the vasculature (1).
The standard curve approach to quantitation of mRNA (29) offers several advantages over other methods. With a titration assay, a serial dilution must be generated for each sample, requiring an enormous number of reactions per assay. Single tube competitive PCR requires that the competitor and the native gene have identical amplification kinetics and that kinetics remain identical in both the exponential and plateau phases of PCR. With the use of a standard curve approach, many samples can draw from a single standard curve. Regardless of the magnitude of the ratio between the native gene and the competitor, there is a corresponding ratio that is identical at some point on the standard curve, and because the standard curve is constructed with the same concentration of RNA competitor the amplification kinetics and formation of heteroduplexes must be identical. The sensitivity of the current assay was 0.2 amol. This is the quantity of native eNOS beyond which the ratio of competitor (50 fg) to native eNOS is no longer discernible. Depending on the requirements, the sensitivity of the assay can be adjusted by titration such that a decrease in the quantity of competitor added to RT reactions would result in increased sensitivity. The lower limits of the assay have not been defined. In addition, because the reverse transcriptase is primed with random hexamers, many genes can be evaluated simultaneously from the same pool of cDNA.
In summary, we have determined partial cDNA sequences for the three canine NOS isoforms. Based on these sequences, we have developed a selective, sensitive, and accurate nonradioactive method to measure eNOS mRNA expression in all canine cardiac blood vessels. The ability to accurately measure eNOS expression from many different blood vessels, especially coronary microvessels, which determine coronary resistance and thus blood flow, will provide a greater perspective in our understanding of the molecular changes in eNOS that may occur in canine models of cardiovascular conditions.
